The question of whether quantum phenomena can be explained by classical models with hidden variables is the subject of a long lasting debate [1] . In 1964, Bell showed that certain types of classical models cannot explain the quantum mechanical predictions for specific states of distant particles [2] . Along this line, some types of hidden variable models have been experimentally ruled out [3, 4, 5, 6, 7, 8, 9 ]. An intuitive feature for classical models is non-contextuality: the property that any measurement has a value which is independent of other compatible measurements being carried out at the same time. However, the results of Kochen, Specker, and Bell[10, 11, 12] show that non-contextuality is in conflict with quantum mechanics. The conflict resides in the structure of the theory and is independent of the properties of special states. It has been debated whether the Kochen-Specker theorem could be experimentally tested at all [13, 14] . Only recently, first tests of quantum contextuality have been proposed and undertaken with photons [15] and neutrons [16, 17] . Yet these tests required the generation of special quantum states and left various loopholes open. Here, using trapped ions, we experimentally demonstrate a state-independent conflict with non-contextuality. The experiment is not subject to the detection loophole and we show that, despite imperfections and possible measurement disturbances, our results cannot be explained in non-contextual terms.
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PACS numbers:
Hidden variable models assert that the result v(A) of measuring the observable A on an individual quantum system is predetermined by a hidden variable λ. Two observables A and B are mutually compatible, if the result of A does not depend on whether B is measured before, after, or simultaneously with A and vice versa. Non-contextuality is the property of a hidden variable model that the value v(A) is determined, regardless of which other compatible observable is measured jointly with A. As a consequence, for compatible observables the relation v(AB) = v(A)v(B) holds. Kochen and Specker showed that the assumption of noncontextuality cannot be reconciled with quantum mechanics. A considerable simplification of the original Kochen-Specker argument by Mermin and Peres [18, 19] uses a 3 × 3 square of observables A ij with possible outcomes v(A ij ) = ±1, where the observables in each row or column are mutually compatible. Considering the products of rows
, the total product would be k=1,2,3 R k C k = 1, since any v(A ij ) appears twice in the total product.
In quantum mechanics, however, one can take a fourlevel quantum system, for instance two spin-1 2 -particles, * Electronic address: christian.roos@uibk.ac.at and the following array of observables,
denotes the Pauli matrix acting on the k-th particle, and all the observables have the outcomes ±1. Moreover, in each of the rows or columns of (1), the observables are mutually commuting and can be measured simultaneously or in any order. In any row or column, their measurement product R k or C k equals 1, except for the third column where it equals −1. Hence, quantum mechanics yields for the product k=1,2,3 R k C k a value of −1, in contrast to non-contextual models.
To test this property, it has to be expressed as an inequality since no experiment yields ideal quantum measurements. Recently, it has been shown that the inequality
holds for all non-contextual theories [20] , where · · · denotes the ensemble average. Quantum mechanics predicts for any state that X KS = 6, thereby violating inequality (2) . For an experimental test, an ensemble of quantum states Ψ needs to be prepared and each realization subjected to the measurement of one of the possible sets of compatible observables. Here, it is of utmost importance that all measurements of A ij are
Experimental measurement scheme. a For the measurement of the jth row (column) of the Mermin-Peres square (1), a quantum state is prepared on which three consecutive QND measurements M k , k = 1, 2, 3, are performed measuring the observables A jk (A kj ). Each measurement consists of a composite unitary operation U k that maps the observable of interest onto one of the single-qubit observables σ
which are measured by fluorescence detection. To this end, the quantum state of the qubit that is not to be detected is hidden [22] in the D 5/2 -Zeeman state manifold by a composite π-pulse transferring the | ↓ state's population to the auxiliary state |a ≡ |D 5/2 , m = 5/2 prior to fluorescence detection. After the detection, the qubit state is restored.
In the lower line, σi,σi symbolize the Hamiltonian acting on the qubit or on the subspace spanned by {| ↓ , |a }. The unitary operations U are synthesized from single-qubit and maximally entangling gates. b All mapping operations U k employed for measuring the five two-qubit spin correlations σ
require an entangling gate. Here, we list the gate
j ] used in the experiments where
context-independent [20] , i.e., A ij must be detected with a quantum non-demolition (QND) measurement that provides no information whatsoever about any other comeasurable observable.
Experiments processing quantum information with trapped ions [21] are particularly well-suited for this purpose as arbitrary two-qubit quantum states Ψ can be deterministically generated by laser-ion interactions and measured with near-unit efficiency [6] . Two ionic energy levels are defined to represent the qubit basis states | ↑ and | ↓ , which are eigenstates of the observable σ z . The qubit is measured by electron shelving [21] projecting onto | ↑ or | ↓ . Measurement of any other observable A ij is reduced to detecting σ (k) z , k=1 or 2, by applying a suitable unitary transformation U to the state Ψ prior to measuring σ (k) z , and its inverse U † after the measurement (see Fig. 1 and Methods). With these basic tools, any set of observables can be sequentially measured in an arbitrary temporal order.
For the experiment, a pair of 40 Ca + ions is trapped in a linear Paul trap with axial and radial vibrational frequencies of ω ax = (2π) 1.465 MHz and ω r ≈ (2π) 3.4 MHz and Doppler-cooled by exciting the S 1/2 ↔ P 1/2 and P 1/2 ↔ D 3/2 dipole transitions. Optical pumping initializes an ion with a fidelity of 99.5% to the qubit state | ↓ ≡ |S 1/2 , m = 1/2 , the second qubit state being | ↑ ≡ |D 5/2 , m = 3/2 . The qubit is coherently manipulated [23] by an ultrastable, narrowband laser coherently exciting the S 1/2 ↔ D 5/2 quadrupole transition in a magnetic field of B = 4 Gauss. Single-qubit lightshift gates U (1)
φ ) is implemented [23, 25] . We achieve a maximally entangling gate (θ = π/2) capable of mapping | ↓↓ to | ↓↓ + ie −i2φ | ↑↑ with a fidelity of about 98% even for Doppler-cooled ions in a thermal state with an average ofn ax,COM ≈ 18 vibrational quanta. This property is of crucial importance as the experiment demands gate operations subsequent to quantum state detection by fluorescence measurements which do not preserve the motional quantum number. The set of elementary gates [26] 
MS (θ, φ)} is sufficient to construct the two-qubit unitary operations needed for creating various input states Ψ and mapping the observables A ij to σ 
, 0) to the initial state | ↓↓ and measure consecutively the three observables of a row or column of the Mermin-Peres square. The results obtained for a total of 6,600 copies of Ψ are visualized in Fig. 2 . The three upper panels show the distribution of measurement results {v(A i1 ), v(A i2 ), v(A i3 )}, their products as well as the expectation values A ij for the observables appearing in the rows of (1), the three lower panels show the corresponding results for the columns of the square. All of the correlations have a value close to +1 whereas C 3 = −0.913. By adding them up and subtracting C 3 , we find a value of X KS = 5.46(4) > 4, thus violating equation (2) .
To test the prediction of a state-independent violation, we repeated the experiment for nine other quantum states of different purity and entanglement. Figure 3 shows that indeed a state-independent violation of the Kochen-Specker inequality occurs, X KS ranging from 5.23(5) to 5.46(4). We also checked that a violation of (2) occurs irrespective of the temporal order of the measurement triples. Figure 4 shows the results for all possible permutations of the rows and columns of (1) based on 39,600 realizations of the singlet state. When combining (1)
z , as only one of the spheres has a considerable volume. Taking into account all the results, we find XKS = 5.46(4) in this measurement. Error bars, 1σ.
the correlation results for the 36 possible permutations of operator orderings in equation (1), we find an average of X KS = 5.38. Because of experimental imperfections, the experimental violation of the Kochen-Specker inequality falls short of the quantum-mechanical prediction. The dominating error source are imperfect unitary operations, in particular the entangling gates applied up to six times in a single experimental run.
All experimental tests of hidden-variable theories are subject to various possible loopholes. In our experiment, the detection loophole does not play a role, as the state of the ions are detected with near-perfect efficiency. From the point of view of a hidden variable theory, still objections can be made: In the experiment, the observables are not perfectly compatible and since the observables are measured sequentially, it may be that the hidden variables are disturbed during the sequence of measurements, weakening the demand to assign to any observable a fixed value independently of the context. Nevertheless, it is possible to derive inequalities for classical non-contextual models, wherein the hidden variables are disturbed during the measurement process (see 
Quantum state 0.5
State-independence of the Kochen-Specker inequality. The Kochen-Specker inequality was tested for ten different quantum states, including maximally entangled (Ψ1-Ψ3), partially entangled (Ψ4) and separable (Ψ6-Ψ9) almost pure states as well as an entangled mixed state (ρ5) and an almost completely mixed state (ρ10). All states are analysed by quantum state tomography which yields for the experimentally produced states Ψ1-Ψ4, Ψ6-Ψ9 an average fidelity of 97(2)%. For all states, we obtain a violation of inequality (2) which demonstrates its state-independent character, the dashed line indicating the average value of XKS . Error bars, 1σ (6,600 state realizations per data point). Methods). More specifically, it can be proved that then the probabilities of measurement outcomes obey the inequality Here, To test this inequality, we prepared the state Ψ ∝ | ↑↑ +iγ| ↓↑ +γ| ↑↓ +i| ↓↓ where γ = √ 2−1, and measured the Mermin-Peres square with σ y and σ z exchanged. We find for the whole square the value X KS = 5.22(10) > 4, and for Eq. (3) the value X DHV = 2.23(5) > 2. This proves that even disturbances of the hidden variables for not perfectly compatible measurements cannot explain the given experimental data.
In principle, our analysis of measurement disturbances and dynamical hidden variable models can be extended to the full Mermin-Peres square, however, the experimental techniques have to be improved to find a violation there. Our findings show already unambiguously that the experimentally observed phenomena cannot be described by non-contextual models. Remarkably, here the experimental observation of counter-intuitive quantum predictions did not require the preparation of specific entangled states with non-local correlations. We expect this result to stimulate new applications of quantum contextuality for quantum information processing [27, 28, 29, 30] .
Methods
Quantum state detection. The quantum state of a single ion is detected by illuminating both ions with light near the S 1/2 ↔ P 1/2 transition frequency for 250 µs. To prevent the quantum information of the other ion from being read out, its | ↓ state population is transferred to (from) the D 5/2 , m = 5/2 level before (after) the fluorescence measurement. The parameters of the read-out laser are set such that it keeps the axial COM-mode in the Lamb-Dicke regime [21] with n COM ≈ 18. By combining the counts of two photomultipliers, we observe a Poissonian distribution of photon counts in the detection window with average count numbers n ↑ ≈ 7.8 and n ↓ ≈ 0.07 in the bright and dark state, respectively. Setting the detection threshold to 1.5 counts, the conditional probabilities for wrong quantum state assignments amount to p(↑ | ↓) ≈ 0.24% and p(↓ | ↑) ≈ 0.39%. At the end of the detection interval, the ion is optically pumped on the S 1/2 ↔ P 1/2 to prevent leakage of population from the qubit level | ↓ to the state |S 1/2 , m = −1/2 .
QND measurements of spin correlations.
Quantum non-demolition measurements of observables A ij that measure spin correlations are carried out by mapping the subspace H +
